Using a classification of the near-Earth solar wind into three basic flow types: (1) High-speed streams associated with coronal holes at the Sun; (2) Slow, interstream solar wind; and (3) Transient flows originating with coronal mass ejections (CMEs) at the Sun, including interplanetary CMEs and the associated upstream shocks and post-shock regions, we determine the drivers of geomagnetic storms of various size ranges based on the Kp index and the NOAA ''G'' criteria since 1964, close to the beginning of the space era, to 2011, encompassing more than four solar cycles (20-23). We also briefly discuss the occurrence of storms since the beginning of the Kp index in 1932, in the minimum before cycle 17. We note that the extended low level of storm activity during the minimum following cycle 23 is without precedent in this 80-year interval. Furthermore, the ''typical'' numbers of storm days/cycle quoted in the standard NOAA G storm table appear to be significantly higher than those obtained from our analysis, except for the strongest (G5) storms, suggesting that they should be revised downward.
Introduction
In past studies (Richardson 2006; Richardson et al. 2000 Richardson et al. , 2001 Richardson et al. , 2002 , we divided the near-Earth solar wind since 1972 into three basic flow types in order to assess, for example, the contribution of each type of solar wind flow to long-term (>~solar rotation) averages of geomagnetic indices and the interplanetary magnetic field, and to examine the solar wind drivers of geomagnetic storms. The three flow types are: (1) Corotating high-speed streams (typically with solar wind speed V sw >~450 km s À1 ) (Belcher & Davis 1971 ) that originate in coronal holes at the Sun (Krieger et al. 1973; Zirker 1977) , and the associated corotating interaction regions; (2) Slower, interstream solar wind, typically associated with the streamer belt at the Sun; and (3) Transient flows originating with coronal mass ejections (CMEs) at the Sun. These include interplanetary coronal mass ejections (ICMEs), the manifestations in the solar wind of CMEs, and the associated upstream shocks and postshock/sheath regions (e.g., Wimmer-Schweingruber et al. 2006; Zurbuchen & Richardson 2006 , and references therein). We collectively term these ''CME-associated'' flows.
As discussed by Richardson & Cane (in press ) and our earlier studies referenced above, the solar wind flow classification is based on inspection of a variety of data. These include solar wind plasma and magnetic field data from the OMNI2 database (http://omniweb.gsfc.nasa.gov/; King & Papitashvili 2005) , geomagnetic activity indices, and energetic particle observations from neutron monitors and spacecraft which can indicate the passage of high-speed streams and CME-associated flows past the Earth. Richardson & Cane (in press ) also discuss how the classification has recently been extended back to the beginning of the OMNI2 data, in November 1963, as well as being updated to near present, producing a classification of solar wind flows extending over more than four solar cycles from the minimum before cycle 20 to the ascending phase of cycle 24.
In this paper, we use this solar wind classification to identify the types of flows driving geomagnetic storms of various ranges of sizes during the period 1964-2011, updating the results of Richardson et al. (2002) who considered the period from 1972 to 2000. We also extend the storm analysis back to the beginning of the Kp index in 1932 and discuss storm rates over an 80-year interval encompassing cycles 17-23.
Solar wind drivers of geomagnetic storms in 1963-2011
As in Richardson et al. (2002) , we identify geomagnetic storms using the 3-h Kp index (Bartels et al. 1939; Menvielle & Berthelier 1991; Rostoker 1972) . We employ two methods of defining storm strength:
d The criteria of Gosling et al. (1991) : A ''major'' storm is defined by Kp max ! 8 and Kp ! 6 for at least three 3-h intervals in a 24-h period. A ''large'' storm has 7 Kp max 7+, and Kp ! 6 for at least three 3-h intervals in a 24-h period. ''Medium'' storms are all other cases with Kp max ! 6À. A ''small'' storm has 5À Kp max 5+. Note that these criteria identify days when storm conditions prevail (''storm days'') rather than discrete storms characterized by a rise then fall in activity and some maximum activity level. Thus, a storm extending over several days may contribute to more than one day of storm conditions.
d The NOAA ''G'' storm sizes (http://www.swpc.noaa.gov/ NOAAscales/). Specifically, G5 (''extreme'') has Kp = 9; G4 (''severe'') has Kp = 8 including a 9À; G3 (''strong'') reaches Kp = 7; G2 (''moderate'') has Kp = 6; and G1 (''minor'') has Kp = 5. Again we consider storm days based on these criteria. Note that G4 and G5 storms are comparable to a ''major'' storm in the Gosling et al. (1991) criteria, G3 is comparable to a large storm, G2 to a medium storm, and G1 to a small storm.
To identify the solar wind drivers of these geomagnetic storms, we used an automated process which identifies storms as defined above in the Kp index, and then compares the storm time against the solar wind flow classification to identify the driver type. If more than one flow type is present, that associated with the highest activity levels is chosen. For discussion of the interplanetary causes of geomagnetic storms, see, for example, Tsurutani & Gonzalez (1997) ; Zhang et al. (2007) ; , and references therein. Figure 1 shows the annual occurrence rate of storms (storm days) of different Gosling et al. (1991) sizes driven by CMEassociated flows or corotating streams from 1964 to 2011 together with the monthly sunspot number in the top panel. As noted above, ''large'' and ''major storms'', which are summed together in Figure 1 because of limited statistics, approximately correspond to ! G3 storms, while medium and small storms are approximately G2 and G1, respectively.
We do not show storms associated with slow solar wind in Figure 1 because, as will be discussed below, relatively few storms are generated by slow solar wind.
Generally, the number of CME-associated storms (black curves in Fig. 1 ) follows solar activity levels, as would be expected since the ICME rate at 1 AU (Richardson & Cane 2010) and the CME rate at the Sun (Robbrecht et al. 2009; Webb & Howard 1994; Yashiro et al. 2004 ) increase from solar minimum to solar maximum. Furthermore, Figure 1 indicates that the maximum rate of storms driven by CMEassociated flows approximately follows the size of the sunspot cycle, i.e. storm rates are higher in cycles 21 and 22 than in cycles 20 and 23. Both cycles 21 and 22, and possibly cycle 20, show evidence of a brief decrease in ! medium storm activity near solar maximum. Such a feature is less evident in cycle 23. As has been noted previously (e.g., Richardson et al. 2000 Richardson et al. , 2002 , this feature may be related to what has been referred to as the ''Gnevyshev Gap'' (Feminella & Storini 1997) , characterized by a lack of energetic solar phenomena near solar maximum, that may be associated with the decrease in several solar indices near solar maximum discussed by Gnevyshev (1967 Gnevyshev ( , 1977 . Richardson et al. (2002) (see also Richardson & Cane in press) suggested that this decrease in the level of geomagnetic activity near solar maximum is related to a temporary decrease in solar and interplanetary magnetic fields and solar wind speed, including in CME-associated flows. Stream-associated storms (red curves in Fig. 1 ) are typically most prominent for 3-4 years during the declining phase of the cycle, but unusually were only prominent for one year (2003) in cycle 23 (Kozyra et al. 2006) . Figure 2 shows solar wind and geomagnetic data (aa, Mayaud 1972 and Kp · 10 indices) for a representative two solar rotation period in August-October, 2003 dominated by a sequence of corotating high-speed streams (panel 6) with peak speeds of~600-800 km s
À1
. The enhanced geomagnetic activity during passage of these streams reached G1 levels on nine days, and G2 and G3 each on two days, as indicated in the bottom panel. Geomagnetic activity associated with individual streams in 2003 has also been discussed by Richardson et al. (2006) and Tsurutani et al. (2011a) .
Returning to Figure 1 , small storms produced by streams predominate over those arising from CME-associated flows, whereas CME-associated flows become increasingly more dominant for larger storms.
Cycle 20 has a smaller occurrence of CME-associated storms than the other cycles, but there were prominent stream-associated storms during the declining phase. On the other hand, the other weaker cycle, 23, has just a brief stream-associated storm peak in the declining phase, as noted above, whereas CME-associated storms continued to be observed past the stream-associated peak and into the late declining phase of the cycle. Thus, overall, each cycle shows variations in the relative contributions from CME-and . Geomagnetic activity frequently reached G1-G3 levels (bottom panel). The solar wind parameters shown are: the magnetic field intensity, polar and azimuthal angles (GSE coordinates), proton temperature with expected temperature (Richardson & Cane 1995) in red; density and solar wind speed.
stream-associated storms. The contribution of different types of flow to various size storms around solar maximum and minimum will be discussed further below. In this analysis, 2009 had the lowest annual number of small storms (2) (and also G1 storms (3)) since the beginning of the space era while the largest number of large + major storms (31) occurred in 1991. Figure 3 shows solar wind and geomagnetic data for a two rotation interval in 2009, illustrating the lack of highspeed streams, in contrast to Figure 2 , though corotating structures including weak streams that rarely exceed 400 km s
can still be identified in the plasma and magnetic field data. As also noted by Tsurutani et al. (2011b) , the low geomagnetic activity levels in 2009 can be attributed to the predominance of slow solar wind at the expense of streams, and the unusually weak interplanetary magnetic field strength.
As noted above, the solar cycle variation in the number of geomagnetic storms in cycles such as 21 and 22 may include two peaks due to CME-associated storms, separated by the Gnevyshev gap, and a separate peak during the declining phase of the cycle associated with corotating streams (cf. Fig. 1 ). This peak, however, may overlap in time with the second CMEassociated storm peak, producing the ''dual peak'' distribution of storms during the solar cycle noted, for example, by Gonzalez et al. (1990) ; variations in the total number of storms are illustrated below in Figure 5 . It is evidently incorrect simply to ascribe the first peak to CME-associated storms and the second to stream-associated storms. We also note that Echer et al. (2011) have discussed variations in the solar cycle occurrence of storms of various strengths based on the D st index during 1957-2008. They conclude that the more intense storms tend to follow the solar cycle, whereas less intense storms are most prevalent during the declining phase, consistent with the results shown in Figure 1 based on Kp. Figure 4 and Table 1 summarize the solar wind structures associated with storms of different Gosling et al. (1991) (upper rows of figure and table) or NOAA G sizes (lower rows), during solar minimum or solar maximum intervals in 1964-2011, with ''unclear'' events removed. The solar minimum intervals are (arbitrarily) bounded by the years in which the smoothed sunspot number fell below or rose above 40 (cf. Fig. 1 ), i.e., 1962 (though the analysis commenced in 1964) -1966, 1973-1977, 1984-1987, 1993-1997, and 2004-2010 . Intervening periods are the ''solar maximum'' intervals. Numbers in brackets in Figure 4 show the number of storms included in each pie plot, and indicate the increasing prevalence of larger storms around solar maximum. At solar minimum, streams are responsible for around three-quarters of small (~77%) or medium (~70%) storms, around a half (48%) of large storms, and~13% of major storms, the remainder being predominantly associated with CME flows. At solar maximum, streams are still responsible for around half (48%) of small storms, but for around a third (35%) of medium storms and only 9% of large or major storms. Considering the G storm levels, at solar minimum, over threequarters (79%) of G1 storms are stream-associated, as are around two-thirds (65%) of G2 and 40% of G3 storms. G4 and G5 storms are nearly exclusively (96%) driven by CME-associated flows. At solar maximum, around a half (49%) of G1 storms are stream-associated, as are around a quarter (26%) of G2 storms. Otherwise, these storms are driven by CME-associated flows, as are the vast majority (96%) of C3-C5 storms. Thus, these results again show the different contribution of streams and CME-associated flows at solar minimum and maximum, though CME-associated flows tend to be responsible for the most severe storms throughout the solar cycle. This conclusion is consistent with other studies, such as that of Zhang et al. (2007) which found that only~13% of intense (D st À100 nT) geomagnetic storms in 1996-2005 were driven by streams, while the remainder involved CME-associated flows (ICMEs and/or upstream sheaths) (see also . We also note that occasionally (e.g., two of the 88 Zhang et al. 2007 events) both CME-associated flows and streams may be involved in the production of a storm, a complexity discussed, for example, by Burlaga et al. (1987); Dal Lago et al. (2006); , but not explicitly considered in our analysis where the structure associated with the more intense activity in Kp is identified as the driver of the storm.
Solar Minimum Storms

Geomagnetic storms since 1932
Since the Kp index goes back to 1932, we can also examine the occurrence of storms of different sizes back to the minimum before solar cycle 17. Figure 5 shows the annual number of storms of different Gosling et al. (1991) (top panel) and NOAA G sizes (third panel) since the beginning of the Kp index in 1932, including solar cycles from 17 (the second panel shows the yearly sunspot number; vertical lines indicate the year of maximum sunspot number). We cannot identify the storm drivers directly before 1964 because of the lack of solar wind data. However, based on the results in Figure 1 , the stronger Gosling et al. (1991) storms are likely to be predominantly related to CME-associated flows throughout the solar cycle, while small storms may be predominantly related to CME flows at active times and to streams during the declining phase of the solar cycle. Dual peaks were also clearly observed in the rate of the largest (likely CME-associated) storms around the maxima of cycles 18 and 19. Figure 5 suggests that the persistent interval of low activity during the recent solar minimum is unprecedented during this 80-year period. In particular, the years from 2008 to 2011 had the smallest annual numbers of ''small'' storms (12, 2, 10, and 21, respectively) based on Kp according to this analysis, whereas the previous record low number of small storms (22) was in 1966. This indicates that the solar wind conditions and geomagnetic activity in the recent minimum were not only the most unusual since the beginning of the space era but also from at least 1932. The G storm rates show generally similar features, including the unusually low levels of storm activity in the recent minimum. Interestingly, the G1 storm rate in 2003, the single year dominated by stream associated flows during the declining phase of cycle 23 (Fig. 1) , was the highest since at least 1932. The bottom panel of Figure 5 shows the number of storms of different G sizes in each solar cycle (defined to start at the year of minimum yearly sunspot number). Though fewer storms occurred in the weaker cycles 17, 20, and 23, at least for G4 storms, overall, the number of storms/cycle does not strictly follow cycle-to-cycle variations in the size of the sunspot cycle. In particular, the number of the most geoeffective (G5) storms has little correlation (cc = 0.299) with the size of the related sunspot cycle, though the number of events is small. Thus, advance prediction of the size of a solar cycle is likely to be only a weak indicator of the likely number of the especially important, most intense geomagnetic storms that might be expected to occur during the cycle.
An interesting aspect of the numbers of storms/cycle in the bottom panel of Figure 5 is that they suggest that the ''typical'' numbers of storm days during each solar cycle for the different G storm sizes quoted in the NOAA storm table (http:// www.swpc.noaa.gov/NOAAscales/) are significantly overestimated. The first column of Table 2 shows the number of days/cycle that each storm level (quote) ''is met'' given in the NOAA storm table. The average numbers of days/cycle for which activity was at (and did not exceed) each G storm level in cycles 17-23 are given in the second column. Evidently our rates in column 2 are~50% of those given in the NOAA storm table except for G5 storms. (Selecting say only the space era cycles 20-23 does not change this conclusion, cf. Fig. 5 .) However, ''meeting'' the storm level in the NOAA table is also ambiguous since this could also include days in which a particular storm level is exceeded. Thus, the third column of Table 2 shows the number of days when each storm level was equaled or exceeded. However, the NOAA rates still exceed these by~25% to 80%, except for G5 storms. Thus, we suggest that the numbers of storm days/cycle quoted in the NOAA table should be revised downward.
Summary
d The solar wind structures driving geomagnetic storms (based on the Kp index) over four solar cycles have been identified, and the varying importance of CME-related flows, high-speed streams, and slow solar wind in driving storms of different strengths during the solar cycle has been investigated. d Storms driven by CME-associated flows have an occurrence rate that generally follows the solar activity cycle but may be temporarily depressed for a period around solar maximum. As the storm size increases, CME-associated flows contribute to a larger fraction of events. d Storms driven by corotating high-speed streams typically predominate for 3-4 years during the declining phase of the cycle and are the predominant drivers of weaker storms. with the peak sunspot number and in particular does not faithfully follow cycle-to-cycle variations in the sunspot number. The small number of the G5 storms/cycle is not significantly correlated with cycle size. Hence, the number of especially intense geomagnetic/space weather events in a new cycle cannot be reliably estimated from a prediction of the cycle size.
